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We present high resolution tunnehng spectroscopy data at very low temperatures on superconduct- 
ing nanostructures of lead built with an STM. By applying magnetic fields, superconductivity is 
restricted to length scales of the order of the coherence length. We measure the tunneling conduc- 
tance and analyze the phonon structure and the low energy DOS. We demonstrate the influence 
of the geometry of the system on the magnetic field dependence of the tunneling density of states, 
which is gap less in a large range of fields. The behavior of the features in the tunneling conductance 
associated to phonon modes are explained within current models. 
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During the last years there has been an increasing in- 
terest on the understanding of the physical properties of 
the nanoscopic size objects. This has been promoted by 
the rapid development of new experimental tools that 
permit a direct access to the realm of the nanoworld. 
One of the most widely known is the scanning tunnel- 
ing microscope (STM) which permits the creation 
of metallic nanostructures that can be at the same time 
imaged and characterized in situ STM operation 

at low temperatures has produced new and interesting 
results, many of them in the field of superconductivity 
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FIG. 1. We consider a connecting neck, formed according 
to the method described elsewhere ]2|3|j9|-|ll|] , broken into two 
parts to be able to measure the tunneling density of states. 
The diagram is a sketch to show the geometry that we use to 
make a simplified model of the nanostructure built with this 
procedure. 



Recently, and using a low temperature STM, we 
have studied transport through nanosized metallic necks 
P,p^ . In the case of lead we have shown that it is possible 
to form a neck of a few hundreds of nanometer length [^||^] 
which connects the two bulk electrodes and which can be 
described as two opposed truncated cones. Application 
of an external magnetic field H at temperatures below 



the superconducting critical temperature of the bulk cre- 
ates a very singular nanostructure when H is higher than 
bulk critical field, Hj, The bulk electrodes transit 

to the resistive state, and superconductivity is confined 
to the neck. The transport properties are governed by 
the diameter of the smallest cross section, which can be 
changed in a highly reproducible way from the large point 
contact to the single atom point contact regimes [p|,p^. 
A detailed Ginzburg-Landau analysis has been done by 
the authors of JT^ to examine the order parameter in this 
system. 

Here we present new tunneling conductance measure- 
ments in these connecting necks as a function of the mag- 
netic field done by breaking the neck in-situ into two 
parts, after its preparation (described below). This is a 
singular system with two superconducting " hills" ending 
in a sharp tip of atomic dimensions (fig.l). As the whole 
procedure is done at low temperatures (about 0.5K), we 
can neglect atomic diffusion so that the geometry of the 
system is not significantly modified when breaking. The 
conductance is in the tunneling limit and is proportional 
to the convolution of the densities of states (DOS) of 
both parts of the broken neck In this way we gain 
direct experimental access to the DOS of a nanoscopic 
structure with applied and fundamental interest. Note 
that it has the same form as two STM tips, one opposed 
in front of the other (fig.l). With an in-situ position- 
ing x-y table we can in principle transport one part of 
the neck to another place to use it as a superconducting 
STM tip that probes a given sample jlj] . This is of major 
interest because it opens the possibility for new applica- 
tions as local Josephson spectroscopy or spin-polarized 
tunneling, which needs a magnetic field [^-^. Other 
methods have been successfully used to make supercon- 
ducting STM tips [ p^JT?! but, to our knowledge, no data 
are available under magnetic fields. 

We use a conventional STM set-up in a '^He cryo- 
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stat. The sample and tip (both of Pb) are cleaned by 
a mechanical method and mounted on the STM which is 
cooled down as fast as possible (about five minutes) in 
order to minimize the formation of oxydes on the surface. 
The fabrication consists of a series of repeated indenta- 
tions done in-situ at low temperatures, as described in 
previous work P,p|,p|-pT[ . The neck is broken to reach 
the tunneling regime, where the estimated work function 
is of the order of several eV indicating that we 

have a clean vacuum tunnel junction between both parts 
of the neck. The measurement is done with a tunnel- 
ing resistance of about lOMfl. Special care is put on 
the electronic filtering of the set-up in order to have the 
maximal energy (voltage) resolution and to avoid artifi- 
cial smearing of the conductance curves. The resolution 
of the set-up is of 35/iV, comparable to the lowest tem- 
perature of the sample of 400mK. 
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FIG. 2. a.)Conductance as a function of the applied bias 
as measured with an STM at 0.4K with tip and sample of 
Pb and zero magnetic field, b.) The phonon structure as a 
function of the magnetic field (note the change in the axis) 
at 1.5K at fields 0,0.17,0.34,0.51,0.67,0.84,1.01,1.18,1.24 and 
1.46 T applied perpendicularly to the neck. The inset shows 
the tunneling conductance in the same units but in a larger 
range of values. 

Figure 2a.) shows the conductance at zero field and 
0.5K. As Pb is a strong coupling superconductor, the 
features due to phonon modes are clearly observed in 
the tunneling conductance (fig. 2b). According to 
the well known properties of strong coupling supercon- 
ductors, a peak in the effective phonon spectrum a^Fluj) 
gives a peak in the voltage derivative of the conductance, 
located at e^.T = 2Ao + lul.t and therefore the features 
shown in fig. 2b. No significant difference neither in the 



value of the superconducting gap Aq = 1.32mV nor in 
the phonon modes (lot = 'lAmV and lol = S.6mV) with 
respect to planar junction experiments is found within 
the experimental resolution (5%) The magnetic 

field for total destruction of the supeconducting corre- 
lations depends on the form of the neck j20j . The exam- 
ple shown in the figure corresponds to a neck having a 
critical field of about twenty times the bulk critical field 
{H^^iOK) = 0.08T). Experiments done with the field 
applied parallel or perpendicular to the axis of the neck 
show the same behavior, i.e., the destruction of the su- 
perconducting features in the tunneling conductance at 
magnetic fields much larger than the bulk critical field, 
depending on the form of the neck |2^ . 

To discuss the results, we first try to consider the 
known example of thin wires of type I superconductors 
with lateral dimensions smaller than the London penetra- 
tion depth, which remain superconducting at magnetic 
fields much higher than the bulk value For instance, 
superconductivity in an infinite cylindrical wire can be 
described by a single pair breaking parameter given by 
(in units of Aq) Tq — , where Aq is the zero field 
order parameter, R is the radius of the cylinder and Ih 
the magnetic length Ih — 256 A/ v^. The peak in the 
DOS is rounded and the gap and order parameter are 
reduced with respect to the zero field value ]2^-p5|] . The 
gap remains finite in a large range of fields, and it is 
only very close to the critical field (above about 0.95iJc) 
where gapless superconductivity sets in. In the inset of 
fig. 3a we compare the measured I-V curve with the val- 
ues of Fq which best fit the experiment. Neither the low 
energy part, nor the magnetic field dependence are repro- 
duced. The experimental curves show a finite current at 
low voltages, corresponding to low energy states within 
the gap, even for fields small compared to the critical one. 
The density of states at zero voltage is finite already at 
fields between 20 and 30 % the field for complete dis- 
appearance of superconductivity, in clear contradiction 
with the homogeneous pair breaking model |22|. 

A better description of the conic, non uniform geom- 
etry of the necks leads to a more satisfactory result. In 
a previous work we proposed in the framework of 
Usadel equations a model in which the field enters 
as an effective, position dependent, pair breaking rate. 
The equations are solved self-consistently, allowing us to 
obtain a complete description of our system in terms of 
energy and distance to the center of the broken neck. 
The main difference with respect to models using a ho- 
mogeneous geometry [0,|2| is that there is a smooth 
transition to the resistive state as the radius of the neck 
increases. The density of states calculated at the center 
of the structure remains finite at low energies due to the 
proximity effect of the region which is not superconduct- 
ing, in agreement with the experiment (fig. 3). Using pa- 
rameters compatible with the geometry of the measured 
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structure we can get a good fit (fig. 3) for both parallel 
and perpendicular fields using the same set of parame- 
ters for the whole series of curves measured in a single 
structure (see inset of fig. 3b, note that not all curves are 
presented for clarity). 

Previous work has also shown that the conic geometry 
of our system needs to be taken into account to under- 
stand experiments done in the single atom point contact 
limit but in that case, the I-V curves present signifi- 
cant subgap conductance and are less sensitive to details 
of the density of states. The tunneling conductance data 
however give a straightforward relation between the I-V 
curves and the density of states and demonstrate conclu- 
sively that, under field, superconductivity is confined to 
the region near the "hills" resulting after the formation 
of the neck (fig.l). 



STM tips, which are superconducting even at magnetic 
fields as high as several tesla. The proximity effect of 
the parts of the tip that transit to the resistive phase 
at smaller fields needs to be taken into account in the 
calculations of their density of states. 
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FIG. 3. Current-voltage characteristics, normalized to the 
tunneling resistance and the zero field gap respectively, for dif- 
ferent fields applied parallel at T = 0.4 K in a) (from bottom 
to top 0,0.13,0.18 and 0.23 T) and at T = 1.5 K perpendicu- 
lar to the axis of the neck (from bottom to top 0, 0.17, 0.34, 
0.84, 1.01, 1.18 T). Solid lines correspond to the fittings ob- 
tained with the geometry shown in the inset in b). For a) 
we use Rmir, = O.Sf, a = 56° and ^ = 256Aand L = 2.9C, 
where ^ is coherence length, and for b), Rmin ~ 0.0, a = 27°, 
^ — 270Aand L = 3.2^. Inset in a) shows the fittings (lines) 
to the finite magnetic field experimental curves in a) in (sym- 
bols) using an effective pair breaking parameter (from bottom 
to topiFo = 0.04,0.13,0.21). 

This result demonstrates that it is possible to make 
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FIG. 4. The magnetic field behavior of the energy position 
eL,T of the features corresponding to transverse (index T, a.)) 
and longitudinal (index L, b.)) phonon energies, for the mag- 
netic field applied parallel (closed circles) or perpendicular 
(closed triangles) to the neck. Superconductivity disappears 
respectively at 1.8T and at 0.5 T. Our data are compared to 
the result obtained using tunneling spectroscopy in thin films 
measured with the magnetic field parallel to the surface(open 
circles, see |^^), and to the theory of Ref. |Q (solid lines). 
To determine as accurately as possible the voltage position 
of the phonon modes as a function of the magnetic field, we 
make the mean value between positive and negative voltages 
and find el.t, the voltage position of the maximum in the 
second derivative d^I/dV^ |1^. For A we use two times the 
zero field gap value 2Ao in our data but Aq in the data of 
psl, where an N-S junction was used. 



We now discuss the magnetic field behavior of features 
in the tunneling conductance associated to the phonon 
spectrum that appear at voltages above 2A (fig. 2b). Note 
that we have the unique possibility to follow these fea- 
tures during the confinement of superconductivity to a 
system of nanoscopic dimensions. Figure 4 shows the 
magnetic field behavior of the voltage position of the fea- 
tures in dl/dV (fig. 2b). We plot {cl.t — t^L,T), normal- 
ized to 2Ao, as a function of the squared magnetic field, 
normalized to the field for complete destruction of super- 
conductivity (H/Hc)'^, together with the tunneling spec- 
troscopy measurements in thin films published in p3| , p4[ . 
The figure shows the variation of the voltage position of 
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the phonon modes as a function of the magnetic field. 
It does not indicate changes in the phonon spectrum, 
but the decrease in the position in energy of the phonon 
modes in the superconducting density of states when the 
pair breaking effect of the field (and the proximity effect 
in our case) destroy the superconducting correlations. 
The calculation of the authors of Ref. fits the ex- 
perimental result within error (solid lines in Fig. 4). It 
even reproduces the stronger decay in the higher energy 
longitudinal phonons, introducing pair breaking effects 
into the Eliashberg equations |2^j2^. To make the same 
approach using a position dependent pair breaking pa- 
rameter [^o| is a formidable task which would require to 
solve self-consistently (both in energy and position) the 
Eliashberg equations The figure 4 shows, however, 
that the result is the same as in thin films and is compat- 
ible with the more commonly used pair breaking theory 
|p2| . It demonstrates that the features related to strong 
coupling superconductivity are not sensitive to the pre- 
cise form of the density of states, and it confirms previous 
work |2|,|2j] about strong coupling superconductivity in 
the presence of pair breaking. Note that our experiment 
gives the additional check that the result is the same in- 
dependent of the direction of the magnetic field or the 
geometry (data in thin films needed to be done with the 
magnetic field applied parallel to the surface) . 

In summary, we have examined superconducting con- 
necting necks under magnetic fields and demonstrated 
the necessity of taking into account the proximity ef- 
fect to explain their behavior. We clearly show that in 
nanofabricated STM tips made of type I materials, su- 
perconductivity is restricted to a nanoscopic region and 
remains at even high magnetic fields. This can consid- 
erably extend the application of STM as a probe. We 
have also demonstrated that in this system, the phonon 
structure of the density of states is not affected by the 
size reduction of the superconducting part. 
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